Photoreflectance and photoluminescence experiments are carrIed out in (GaAs)/(AlAs) (n = 1-15) in the temperature range from 25 to 275 K. Weak signals of photoreflectance associated with the critical point of the pseudodirect transition, weakly allowed direct transition arising from the zone-folding effect, have been found as well as main signals associated with the direct allowed transitions. This assignment is supported by the temperature dependence of the photoluminescence intensity, which gives the transition probability ratio of the direct allowed to pseudodirect transition about 102. Temperature dependence of the critical point energies and luminescence peak energies shows a similar behavior to bulk semiconductors. These observations show also that the monolayer number n for which the crossover of direct and pseudodirect transitions occurs depends on temperature. In addition the broadening parameters determined from photoreflectance spectra are found to be almost independent of temperature and depend on the monolayer number n, which may be explained in terms of broadening induced by the layer number fluctuation.
INTRODUCTION
The development of crystal growth techniques such as molecular beam epitaxy (MBE) has made it possible to produce superlattices (SLs) of high quality. Optical properties of GaAs/AlAs short-period superlattices differ greatly from those of the alloy AlGai_As of equivalent mean composition, showing the importance of the superlattice periodicity in determining the electronic structure of these structures. Some of experimental and theoretical investigations show whether the lowest-energy transition is direct, indirect or so-called pseudodirect and whether it changes as the layer thickness is decreased.11°I n SLs where the coupling through penetrable barriers plays an important role, the miniband is formed because of delocalization of the wave function. From energy band calculations a relative contribution of the atomic states of cations and anions is obtained and it is shown that electronic states of the conduction and valence bands in the unit cell are confined in either GaAs or AlAs layers depending on the monolayer number n.8'9 The state confined in GaAs layers is associated with the F conduction state of GaAs (F-like state), while the latter state with the X minima of AlAs because the X minima in AlAs are below those in GaAs due to valence-band offset. Only the X minima are mapped onto F-point of the Brillouin zone of the SLs due to the zone-folding effect (Xe-like state), while the X minima are at M-point of the Brillouin zone of the SLs (X-like state). Since holes at the F maximum of the Brfflouin zone of the SLs are confined in GaAs layers, the transition associated with the F-like conduction state has large transition probability, while that associated with the X-like and Xe-like states have small transition probability. Therefore, the F-like, X-1ike and X-like states give the direct and indirect and pseudodirect (weakly allowed direct) transition, respectively. Some of the photoluminescence results are interpreted in terms of spatially indirect transition, where electrons confined in the lowest conduction band at the X-point of AlAs recombine with holes confined in the valence band at the F-point of GaAs.2 In our previous work, we reported photoreflectance (PR) and photoluminescence (PL) measurements at room temperature in (GaAs)m/(A1As)5 (m = 311)h1 and (GaAs)/(A1As) (n = 1-15) SLs.12 The experimental results of the former SLs show that the band-crossing occurs at in = 7, while the latter at n = 10. This conclusion was drawn from the fact that the observed photoluminescence peaks at lower energy side lie well below the transition energies obtained from PR data and that the transition energy of PR reflects a direct band gap, whereas the lowest PL peaks reflects lower energy band gap, direct or indirect. Theoretical calculations based on the sp3s tight-binding method9'10'13 support the experimental observations, where the cross over of the direct and indirect transition occurs at about m = 7 for (GaAs)m/(A1As)5 and at n = 10 for (GaAs)/(AlAs). In our previous paper12 we observed a weak structure below the strong structure in (GaAs)5/(AlAs)5, where the transition energy of the weak structure corresponds to the photoluminescence peak at low energy side. This result may be interpreted in terms that the weak structure arises from the zone-folding effect, that is, transition between the zonefolded Xe-like conduction band and the top valence band at the F-point. This weak structure on PR was observed only in (GaAs)5/(AlAs)5 and thus we assigned the weak structure not to the pseudodirect transition but the indirect transition. As reported in our paper to be presented at this conference,14 we observed the weak structure in (GaAs)/(AlAs) with n < 12, and thus we conclude that the weak structure in PR arises from the pseudodirect (weakly allowed direct) transition.
It is expected that the band crossing depends on temperature because the band gaps of bulk semiconductors vary as the temperature is changed and the temperature dependence of the direct gap and indirect gap is different. Kato et al.6 reported photoluminescence measurements at low temperatures and they found that the band crossing occurs at n = 14 in (GaAs)/(AlAs). As stated above our measurements at room temperature show the band crossing at around n = 10. These results indicate that the band crossing depends on temperature.
In this paper, we discuss the temperature dependence of the energy band gaps of the (GaAs)/(AlAs) ( n = 1-15) SLs, placing our main emphasis on the temperature dependence of the band crossing in addition to the origin of the weak structure in PR at low energy side. Experiments were carried out in the temperature range from 25 to 275 K. We estimated the ratio of the transition probability between the weakly allowed (pseudodirect) and allowed direct transition, and the ratio was found to be about 1O_2 from the experimental results PL.
EXPERIMENTAL
The set of (GaAs)/(AlAs) samples used in this work were epitaxially grown at 570 °C on (100) semiinsulating GaAs substrates by MBE. The values of atomic layer number n were 1-15 and the multiple layers were about 200 periods. The number of GaAs and AlAs layers was accurately controlled by counting the period of the intensity oscifiations of a specularly reflected beam in a reflection high energy electron diffraction (RIIEED) pattern.15 The thickness of the individual atomic layer of theSLs has been measured using x-ray diffraction method,16 and the SLs were found to be good in quality.
The PR experimental arrangement used in the present work is similar to that used by Glembocki et al. 17 and Shay, 18 as shown schematically in Fig. I . A monochromatic probe light and a pumping laser beam are incident on the same spot of the sample surface, aid a reflected probe light through a filter blocking the laser light is focused onto a photomultiplier tube (PMT) to observe the reflectivity change caused by the pumping laser beam chopped mechanically. Signals from the PMT are amplified by a lock-in-amplifier tuned to the modulation frequency of the chopper. An electric servo mechanism on the high-voltage power supply of the PMT is used to maintain a constant DC voltage across the load resistance of the PMT, allowing us to obtain the ratio LR/R directly. We used a 500 W Xe arc lamp for the probe light source and a 50cm single monochromator of JASCO CT-50S with a 1200 lines/mm grating blazed at 750 nm. The intensity of the Ar ion laser light (488.0 nm) chopped at 210 Hz for modulation was reduced to about 0.5 mW by using neutral density filters. For PL measurements, the
sample were excited with about 10 mW of the Ar ion laser light (488.0 or 476.5 nm) and luminescence spectra were measured with an 80 cm focal length double monochromator (Spex 1401). The temperature of the sample is controlled by a Helium-closed-cycle refrigerator in the range from 25 to 300 K. The digitized data of optical signals and temperature are recorded by a personal computer and transferred into a computer (HP9000 Model 550) for detailed analysis.
The experimental data of PR are analyzed using the third-derivative formula derived by Aspnes.19'20,  which is given by (1) where p is the number of critical points, E the photon energy, C3, 9,, Eg, and F3 are the amplitude, phase, energy gap, broadening parameter, respectively, of the j-th critical point. The value of m3 is a parameter which depends on the critical point type, in = 3.5, 3.0 and 2.5 for the one-, two-, and three-dimensional critical point, respectively. As the electrons and holes are extended in the SLs, we use Photon energy (eV) Photon energy (eV)
1.733 eV and 1.693 eV, respectively, whereas we observe that the peak splits into two peaks at 1.746 eV and 1.758 eV at 50 K. The observed PR spectra at 250 K are resolved into two structures of which critical point energies are 1.667 eV and 1.693 eV, respectively, and the critical point energy of the main structure in PR corresponds to the PL peak energy. In Fig. 2 (a) the PL spectra have shoulders at lower and higher energy sides, which are not well resolved. The PR spectra shown in Fig. 2 (a) may be resolved into three structures and the weak structures at the lower and higher energy side of the main structure seem to correspond to the shoulders in the PL. In the present analysis, however, we performed best fitting by using two critical point energies, neglecting the structure in the higher energy region, and thus we obtained two critical points indicated by the arrows. At 150 K the PR spectra are resolved into three structures and the corresponding transition energies are, 1 .719 eV, 1 .736 eV and 1 .790 eV, where we find that the critical point energy 1.736 eV of the main structure agrees well with the PL peak energy. At 50 K the PR data are resolved into three structures and the corresponding critical point energies are
1.744 eV, 1.760 eV, and 1.781 eV, and the lower two energies are in good agreement with the lower two peak energies of the PL data at 1.746 eV and 1.758 eV.
Since PR signals are induced by direct transition process, the observed PL peaks are ascribed to the direct transition. The reason why the higher energy transition was not observed in PL experiments is as the following. The emission intensity of PL depends on the magnitude of the transition probability and also the absorption coefficient. Emission at higher energy side becomes weaker due to stronger absorption, and therefore only two peaks are observed in PL spectra. The photon energies obtained from the present analysis of PR are in the range from 1.6 to 1.8 eV, and thus the transition is ascribed to direct band gap at the F-point. Due to the zone-folding effect, there exist many conduction bands at the F-point in a narrow range of energy, and thus we can expect many critical points. However, we have to note that the optical transition depends on the joint density of states and also momentum matrix elements, which are letermined by the energy bands, dispersion of the bands and wave functions. In Fig. 2 we find that the critical point energies, band gaps, increase as the temperature is decreased.
Similar results for (GaAs)7/(AlAs)7 are presented in Fig. 3 x S peak at lower energy side increases as the temperature decreases. It is very important to point out that the temperature at which the intensity of the two peaks becomes equal is higher for (GaAs)/(AlAs) with smaller n. This feature indicates that the separation of the energy gaps between the pseudodirect and direct band gaps increases with decreasing the monolayer number n.
Intensity of emission depends on the transition probability and number of carriers excited. In the following we assume the emission is governed by the two factors and neglect the effect of absorption. With this approximation we are able to estimate the transition probability and the energy separation from the data shown in Figs. 4 (a) and (b) . Under this assumption the PL intensity is proportional to the product of electron density at the conduction band and the transition probability, and the ratio of the PL emission between the direct gap (Er) and the pseudodirect band gap (Ex) is written as I(F)Wr Ex-Er 1(X) -exp( kBT ' (2) where 1(F), Er and Wr are PL intensity, transition energy and transition probability for the direct allowed transition (wave function of the conduction band has predominantly the character of the F band of GaAs), and 1(X), Ex and Wx for the pseudodirect transition (wave function of the conduction band has predominantly the character of the X band of AlAs, and referred to as X-like state in this paper), kB 5 the Boltzmann constant. In eq. (2) 83 meV, 50 meV, and 18 meV, respectively. From the intercept of the line the ratio of transition probabilities Wx/Wr' is estimated to be 7.7x103, 1.8x103, 2.9x103, 3.1x103, and 6.9x103 for n = 5, 7, 8, 10, and 12, respectively. The energy separation is in reasonable agreement with the transition energy obtained earlier (within about 10 % difference except (GaAs)12/(A1As)12 ). In addition the ratio of the transition probability suggests that the transition at the lower energy side is much weaker (by two or three orders of magnitude, or more if we take into account the difference in the effective mass). Therefore, these results strongly suggest that the lower-energy band gap is ascribed to a pseudodirect band gap at the F-point, resulting from the zone-folding and thus electronic state is associated with the Xe-like state. The ratio of the transition probability obtained in the present work is consistent with the ratio of photoluminescence decay time between the two emission bands.1'6'22'23 Figure 6 shows temperature dependence of the transition energies in (GaAs)8/(A1As)8 SL, where transition energies determined from the PR and PL are plotted by the circles (open and solid circles) and crosses, respectively. We find in Fig. 6 that the three transition energies obtained from the PR analysis decrease monotonously with increasing temperature and the shift is about 100 meV in the temperature range from 25 to 300 K, while the PL peaks at th lower energy side, ascribed to the pseudodirect transition, exhibits about 70 meV shift in th same temperature range. The energy shift of the transition energies determined from the PR experiments is quite similar to that of the fundamental energy gap of bulk GaAs. We find in Fig. 6 that the transition energy of the PR main structure agrees well with the PL peak at the higher energy side in the temperature range. On the other hand, there exists a slight difference in the temperature dependence between the lowest transition energy determined from PR analysis and the low-energy side peak of PL, and the shift of the PL peak energy is smaller. The difference is higher at higher temperatures and about 20 meV at 250 K. We assigned this transition as the pseudodirect transition due to the zone-folding effect and thus the transition energy is expected to agree with each other within the range of phonon energy. Crossing of the transition energies at about 120 K is not understood at the present stage. xPLExpt. Monolayer number (n)
(K]
Similar behavior is observed in other (GaAs)/(A1As). In Fig. 7 we plot only the transition energy corresponding to the main structure of the PR signals as a function of temperature for (GaAs)/(AlAs) with n = 3 to 15. All the samples exhibit a quite similar feature in their temperature dependence.
Taking into account the fact that the conduction band associated with this transition reflects the nature of the conduction band of GaAs at the F point, its temperature dependence is expected to be similar to that of GaAs.
In Fig. 8 (a), (b) and (c) we plot the monolayer number (n) dependence of the transition energies determined from the PR and PL measurements at 50 K, 150 K and 250 K, respectively, in (GaAs)/ (AlAs) with n = 1-15, where the open and solid circles (notation PR Expt.(F)) represent transition energies determined from the PR analysis, and the crosses are the PL peak energies. The notation (F) and (Xe) is used from the reason stated earlier, where the upper transition energies determined from the PR is understood to be due to the allowed direct transition at the F point and the lower weak structure of the PR arises from the pseudodirect transition (the zone-folded conduction band with the wave function of the X state of AlAs). The pseudodirect transition appears at 50 K in (GaAs)71/(AlAs)n with n < 14, and at 150 K and 250 K in (GaAs)/(AlAs) with n < 11. This suggests that the direct-pseudodirect crossover depends on temperature and at lower temperatures the crossovers occurs in (GaAs)/(AlAs) with larger n. This temperature dependence of the crossover will explain the difference between our previous work12 and the work by Kato et al.6 One of the most probable possibilities for this temperature dependence may be the difference in the temperature dependence of the energy gaps of GaAs and AlAs, where the temperature dependence of the gap in AlAs is slightly smaller than that of GaAs. Noting that the pseudodirect gap reflects the nature of the conduction band at the X-point of AlAs, its temperature dependence is expected weaker compred to that of the allowed direct band gap. In Fig. 6 we found that the pseudodirect gap obtained from the PR experiments behaves quite similarly to that of the direct gap of GaAs, although the gap determined from the PL data behaves similarly to that of indirect band gap of AlAs. However, some of the (GaAs)/(AlAs) with small n exhibit difference in the temperature dependence between the pseudodirect and allowed direct gaps. It should be noted that the weak structure in PR spectra depends strongly on the temperature. In Fig. 8 we find PL peak energies, in the photon energy region around 1.7 to 1.75 eV, which are well below the pseudodirect gap and seen in Fig. 2(c) . The energy is higher than the band gap of GaAs and thus the PL signals are not ascribed to the emission from the substrate. If this emission band arise from the superlattice layers, the signals are assigned to the transition from the conduction band associated with the X-like state to the top valence band at the F-point, because the X-like state is expected to be lower than the X-like state for small n. This band alignment is shown by the tight-binding calculation.1°T he analysis of PR spectra using the third-derivative formula19'20 gives the broadening parameter for each critical point. Temperature dependence of the broadening parameter of the main PR signals (lower critical point for the allowed direct transition) for (GaAs)/(AlAs) with n = 3, 5, 8, 10, and 12 are shown in Fig. 9 . These broadening parameters are almost independent of the temperature but depend on the monolayer number n. The broadening parameters decrease with increasing n, except (GaAs)5/ (AlAs)5. Since the broadening parameters are almost independent of the temperature, the broadening arises not from the electron-phonon interactions but from other effects. We pointed out in our previous paper12 that the broadening is induced by the fluctuation of monolayers during the growth of the SLs. Although the monolayer number was carefully controlled by observing RHEED oscillations, it is very difficult to obtain uniform periodicity of the monolayer number in the whole region of the samples used in the PR measurements. This layer number fluctuation also results in a considerable change in the energy gaps as shown in our paper14, where we calculated energy band structures of a long period superlattice such as and the lowest direct gap is about 100 meV lower than (GaAs)/(A1As) for n = 4.
CONCLUSIONS
Photoreflectance and photoluminescence measurements have been carried out in short period superlattices (GaAs)/(AlAs) with n = 1-15, placing main emphasis on the temperature dependence of the band gaps. We observed a weak structure in PR spectra well below the main structure in (GaAs)/(AlAs) with n less than about 13. The weak structure was ascribed to the pseudodirect transition between the zone-folded conduction band (the wave function of X-like) and the valence band at the F-point. The main structure is interpreted in terms of the allowed direct transition between the conduction band ( the wave function of F state of GaAs) and the valence band at the F-point. The weak structure was observed in (GaAs)/(A1As) with n = 5, 7, 8, 10, and 13, and the intensity of the signaJs depends on temperature. Since the PR signals arise from direct transition, we ascribed this weak structure as arising from the pseudodirect transition. T€mperature dependence of the PL intensity ratio between the direct allowed and pseudodirect transitions has revealed that the transition probability of the pseudodirect transition is smaller by two orders of magnitude than that of the direct transition. Transition energies determined from the PR measurements show a similar behavior to the that of the fundamental absorption edge of GaAs, whereas the photoluminescence peak corresponding to the pseudodirect transition shows slightly weaker temperature dependence. Our observations show that the direct-pseudodirect crossover in (GaAs)/(AlAs) occurs for n = 14 at 50 K and for n = 11 at 150 K and 250 K. The analysis of PR spectra also reveals that the broadening is caused by the lateral fluctuation of the superlattices.
